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Abstract
CD1 molecules bind and present lipid-based antigens to T cells. Humans express both Group 1
(CD1a, CD1b and CD1c) and Group 2 (CD1d) CD1 molecules with nonredundant functions in the
human immune response. Studies of Group 1 CD1 molecules and the T cells that respond to them
have lagged behind Group 2 due to the lack of a suitable model system. However, recent work has
thrust the Group 1 CD1s into the limelight, revealing their importance in tissue surveillance and
microbial defense. Here I review recent advances in Group 1 CD1 lipid presentation, the T cell
populations that respond to them and the role of CD1 molecules in engagement of human γδ T
cells.

Introduction
Antigen processing and presentation by MHC and MHC-like proteins is a cornerstone of the
immune system of jawed vertebrates. CD1 molecules represent one class of MHC molecule
that have evolved the capability to present lipid or lipid-based molecules. Some species have
a limited CD1 repertoire; the mouse for example expresses only one isotype of CD1
molecule, CD1d. However, many species express a diverse repertoire of these molecules,
some in multiple copies [1]. In humans, four CD1 isoforms function to present lipids, CD1a,
CD1b, CD1c and CD1d. A fifth, CD1e, functions as a lipid chaperone and has not been
shown to present lipids to T cells [2,3**]. CD1a, b and c are considered “Group 1” CD1
molecules while CD1d itself comprises the Group 2 CD1. Each of the lipid-presenting
isoforms has evolved a particular molecular architecture that specifies what types of lipids
are presented (Figure 1). In addition, there are notable differences in cellular expression,
intracellular trafficking and exposure to lipid-transfer chaperones [4], all which dictate the
lipid repertoire to which these molecules have access.

The information ingrained in CD1 lipid presentation is of course translated through T cell
recognition. Much of our knowledge of T cell recognition of CD1 molecules comes from
studies in mice and therefore is focused on the CD1d isoform and the invariant Natural
Killer T (iNKT) cell population that is restricted to it [5,6]. However, more recent advances
in tetramer-staining and T cell isolation technologies has enabled a new focus on CD1
molecules in humans, revealing that human CD1 molecules provide antigen to many
different αβ T cell populations including iNKT cells, NKT cells that express diverse TCRs,
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and the more recently characterized Group 1 reactive T cells. Less well studied, yet of
potentially great importance, is the involvement of CD1 presentation on the human γδ T cell
population. Here we review the recent advances in human CD1 lipid presentation with an
emphasis on the Group 1 CD1 molecules, and the newly described human T cell populations
that respond to CD1 molecules.

Presentation of Endogenous Lipids
The three-dimensional structures of all the human CD1 molecules revealed different sizes
and architectures to the two main internal hydrophobic cavities, which are generally
described as the A’ and F’ pockets (Figure 1) [7]. The volume of these cavities varies
extensively between isoforms with the general trend being CD1a < CD1d < CD1c <CD1b
(~1,350 Å3, ~1400 Å3, ~1780 Å3, and ~2,200Å3 respectively). The size and shape of these
cavities, which are mostly lined with hydrophobic amino acids, correlates well with the size
of the hydrophobic chains of the lipids they have been found to present (Figure 1). CD1a,
for example, is known to present lipids with short or single hydrocarbon chains, such as
dideoxymycobactin lipopeptides, which contain a single acyl chain [8]. CD1b, in contrast,
can present lipids containing incredibly long hydrocarbon chains, up to 80 carbons in length
due to a network of tunnels that exist within its internal space [9]. CD1c has a unique
structural feature which may related to its ability to present acylated lipopeptides, its F’
pocket is open and exposed to solvent, well suited to presentation of the long peptide portion
of N-terminally acylated peptides [10].

However the Group 1 molecules also present overlapping repertoires of lipids, as is noted by
their ability to all present the lipid sulfatide [11]. Thus, there has been interest in
characterizing the endogenous lipid repertoire pool for these molecules in order to define the
chemical and structural parameters of the lipids presented. Much of the work on lipid
characterization for the Group 1 molecules has focused on specific exogenous or
mycobacterial lipids and has been recently reviewed [12]; work on characterizing the
endogenous lipid pool has been more challenging due to difficulties in protein isolation and
purification. Isolation of native CD1 proteins with intact intracellular trafficking signals
requires detergents, which can alter the bound lipid repertoire during protein purification,
however CD1 constructs that are engineered to be secreted for purification from supernatant
are not recycled through their respective endocytic compartments and therefore do not
contain representatives of the lipid repertoire to which they are ultimately exposed. Yet
dissecting the lipid repertoire available to these proteins during their initial synthesis and
trafficking through the ER and Golgi provides important insight into the primary lipid
repertoire that is presented on the cell surface. This is the first step in understanding how
these lipids are competed out, modified or presented in conjunction with exogenous and
endogenous lipids available upon recycling in the endocytic pathway.

Mass Spectrometry (MS) approaches have be recently used to characterize the lipid pool
bound by CD1c and has further characterized the diversity of lipids bound by the other
Group 1 isoforms. Three classes of lipids were found bound by CD1c: sphingomyelin (SM),
phoshatidylcholine (PC) and phosphatidylinositol (PI), some of which contained
polyunsaturated acyl chains [13*]. So despite having an exposed F’ pocket, CD1c efficiently
presents lipids with multiple hydrocarbon chains, consistent with the present of spacer fatty
acids observed in the original crystal structure [10]. This study also examined CD1d and
found gangliosides, globo/isoglobosides, sulfatide, sphingomyelins, and
phosphatidylcholines, the diversity of which contrasted with some past studies that found a
much more restricted lipid repertoire. Using a broad comparative lipodomics approach,
Huang and colleagues examined all four CD1 isoforms and found diverse lipid antigen pools
for each CD1 isoform [14**], with considerable repertoire overlap (Figure 1). For CD1b the
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lipids isolated were similarly sized to those isolated from other isoforms, however unusually
hydrophobic lipids were also identified that filled the excess cavity space. This has been
proposed previously from crystallographic data [9] and demonstrated via MS [15], but
Huang and colleagues identified two particular classes of lipids, deoxyceramides and
diacylglycerols (DAGs) which were unlike simple fatty acids. They further show that
addition of one of these isolated “scaffold” lipids, DAG, could modulate the T cell response
to differently sized mycobacterial lipids (C32 GMM or C80 GMM): enhancing T cell
reactivity by serving as a scaffold for C32 GMM or inhibiting through space-competition
with C80 GMM. Therefore, the scaffold lipids present in CD1b can have a significant effect
on what endogenous and exogenous lipids are presented during endosomal recycling.

T cell reactivity to Group 1 CD1s
Autoreactive T cell populations are at high frequency in blood

T cell autoreactivity, or reactivity to CD1 molecules presenting endogenous lipid ligands,
has been known for some time [16], including the characterization of specific T cell clones
[17] (Figure 2). Yet our understanding of the frequency and relevance of these T cells has
been limited. One of the first studies to shed light on the significance of CD1 autoreactivity
focused on an autoreactive population of αβ T cells expressing diverse TCRs that are
responsive to endogenous lipids presented by CD1a molecules [18**] (Figure 2). These T
cells were found in all donors examined and were at a surprisingly high frequency of total T
cells exhibiting autoreactivity to autologous DCs (~1 in every 50 autoreactive T cells,
estimated to be ~0.02% to 0.4% of memory T cells in the blood). These T cells express
CCR4, CCR6 and CCR10, homing receptors to the skin, and secrete IL-22 in a CD1a
dependent fashion. This is important because IL-22 activates skin keratinocytes to release
anti-microbial peptides and promotes proliferation and survival responses [19]. Tied to this,
of course, is that CD1a is expressed in epithelial Langerhans cells, suggesting that CD1a
reactive T cells function in skin homeostasis, reminiscent of the DETC γδ T cells in the
mouse [20].

Using a different antigen presenting cell (C1R) but a similar approach, De Lalla and
colleagues investigated the frequency and effector phenotype of CD1 autoreactive T cells in
adult donors and cord blood [21**] (Figure 2). Overall, the estimated frequency of CD4+ or
double negative (DN) T cells responsive to CD1 expressing C1R cells was 1/10 to 1/300,
much higher than the estimated frequency of human CD1d-restricted iNKT cells and similar
to that of MHC alloreactive αβ T cells. Within the CD1s, CD1a and CD1c reactive T cells
were of the highest percentage, with an estimated frequency of CD1c reactive T cells at ~0.5
to 1% of total blood T cells. Similar overall frequencies of these cells were also found in
cord blood, although there the cells exhibited a naïve phenotype (CD45RA+) whereas adult
samples had an increased memory population (CD45RO+). The effector phenotype of these
cells was diverse, with clones exhibiting either Th1 or Th2 cytokine profiles and some with
demonstrable cytotoxic activity. What remains unclear in both these studies is the nature of
the endogenous lipid antigen(s) that trigger these T cell responses and how these ligands are
regulated to prevent autoimmunity and promote proper host surveillance.

While autoreactive T cells have been identified for CD1b [22], they were found to be in the
minority in the above study and thus were not characterized more fully. Use of a Group 1
humanized mouse model [23] has shed some light into CD1b autoreactive T cells. A
transgenic CD1b autoreactive T cell (HJ1) was used to make an HJ1 transgenic in Group 1
CD1 humanized mice [24*]. Characterization of the HJ1 population revealed features
similar to iNKT cells, such as expression of the PLZF transcription factor, an activated
effector phenotype and a subset of cells that express NK1.1 and is enriched in the liver
(Figure 2). Furthermore, expression of the TCR and CD3 signaling components were found
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to be more down-regulated in HJ1tg/hCD1 mice in comparison to HJ1tg control mice,
suggesting a plausible mechanism to explain avoidance of negative selection in the thymus
and auto-immunity in the periphery.

Group 1 CD1 T cell response to Mycobacterium tuberculosis
The role of Group 1 CD1 molecules in mycobacterial antigen presentation has been well
established however our understanding of the phenotype of the responding cell population
was initially restricted to in vitro-derived T cell clones or limited in the scope of effector-
function characterization. Recently, studying T cell reactivity to a specific CD1/lipid
complex has become more feasible with the expansion of CD1-tetramer technology. This
enables the direct isolation of antigen-specific T cells from blood and tissue without the
need for antigen-presenting cells and circumventing the possibility of intracellular lipid
processing. This technique has been used to more fully characterize the lipid-specific T cell
response against mycobacteria mediated by CD1b and CD1c.

CD1b tetramers loaded with the mycobacterial lipid GMM brightly stained T cells from Mtb
infected individuals but not T cells from healthy patients [25*], suggesting an expansion of a
specific population of mycobacterial responsive T cells had occurred in response to Mtb
infection. These cells were found to be predominantly CD4+ and appeared to express a
restricted TCR repertoire. Further characterization of these T cells, now called “GEM” T
cells for ‘germline-encoded, mycoyl-reactive’, revealed a population expressing highly
restricted TCRs composed of a TRAV1-2 (Vα7.2) V gene segment (also found in MAIT
cells) rearranged with TRAJ9, with limited CDR3α diversity [26**]. The Vβ domains were
also found to be of limited diversity, with only TRBV6-2 and TRBV30 domains represented
in the clones characterized. While the semi-invariant nature of this population’s TCR
repertoire is reminiscent of iNKT or MAIT TCR repertoires, this population is at very low
frequency in Mtb naïve individuals (~0.0024% of total PBMCs) suggesting a significant
antigen-specific expansion of this population in response to Mtb infection, more akin to
“public” TCRs observed for classical MHC restricted responses. A second, tetramer-
intermediate staining population was also noted, expressing a more diverse TCR repertoire
that likely recognized CD1d-GMM with lower apparent affinity; these cells may have a
baseline reactivity to CD1b that can be enhanced with other mycobacterial lipid antigens.

A similar strategy has been employed to examine mycobacterial-reactive CD1c restricted T
cells. The role of CD1c in mycobacterial surveillance, primarily Mtb, has been well
established [12], including the identity of some of the natural ligands recognized. These
lipids were identified as branched chain phospholipids including mannosyl
phosphodolichols (MPDs) and mycobacterial mannosyl-β1-phosphomycoketide (MPM)
[27]. T cells clones have been characterized that respond well to these antigens, such as the
DN6 and CD8-1 cell lines which respond well to MPD [27]. Yet further examination of the
specific reactivity of DN6 to Mtb lysates revealed an interesting broad reactivity; DN6
responded well to unglycosylated and β-mannosylated phosphomycoketides [28**].
Dissection of this response revealed the true specificity of DN6 to be to naked
phosphomycoketide (PM), and the previously observed broad reactivity was discovered to
be due to removal of the mannose during processing of the MPM within the antigen-
presenting cells. CD1c-tetramers loaded with PM were then used to estimate the frequency
of reactive T cells in latently infected Mtb. donors at ~0.0017% of total peripheral blood T
cells. Clones derived from this analysis exhibited similar specificity to DN6, recognizing
both glycosylated and unglycosylated mycoketides when presented by antigen presenting
cells, indicating that processing of this antigen was likely occurring for stimulation of these
additional clones.
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γδ T cell recognition of CD1 molecules (insert Box 1 in this section)
CD1 molecules are unique in that they have been found to be ligands for significant
populations of both αβ and γδ T cells. CD1c was the first CD1 isoform to have γδ T cell
responses characterized [29] and T cells isolated from the duodenum were later found to be
broadly reactive to all four CD1 isoforms presenting endogenous antigens [30]. All of these
γδ T cells expressed the Vδ1 domain, found at low frequency in blood γδ T cells but
represents the majority of γδ T cells in the gut. Recently, a tetramer approach similar to that
described above revealed consistent and reproducible γδ reactivity to CD1d presenting the
endogenous antigen sulfatide [31**]. These γδ T cells, derived from peripheral blood of
healthy human donors, were found in all individuals examined and in some donors 100% of
the T cells stained by this tetramer were Vδ1+ γδ. All the CD1d-sulfatide staining γδ T cells
expressed the Vδ1 chain consistent with the results from the duodenum. While our
understanding of Vδ1 restriction to CD1 molecules remains limited, CD1 molecules have
the potential to be one of the few bon fide ligands for human γδ T cells as other ligands
remain undefined or are controversial. CD1d, in particular, is expressed in intestinal
epithelial cell (IEC) in the gut [32] and in MS lesions [33], both sites where Vδ1+ γδ T cells
have been found [34]. CD1d was also found to be recognized by blood Vδ3+ γδ T cells
[35*], suggesting this CD1 isoform may provide antigenic signals to two of the three major
γδ populations in humans.

Conclusions and future directions
Characterizing the endogenous lipid pool for CD1 molecules has provided insight into: 1)
the chemical and structural requirements of lipids for presentation in a particular CD1
isoform; 2) the potential identity of lipids that provide selection signals for CD1-reactive T
cells in the thymus and 3) the nature of the lipid repertoire to which auto-reactive, CD1
specific T cells, are responding to in the periphery. All of the studies that have contributed to
the identity of these lipids have provided candidates to test for each of these important
topics. Progress is being made on understanding the T cell repertoire that recognizes human
CD1 molecules; from what is currently known it is clear that CD1 molecules provide signals
to an unexpectedly large proportion of blood T cells and may engage even more in the
periphery. Understanding the lipid signals that mediate the observed auto-reactivity and how
it is modulated in the periphery to circumvent auto-immunity is a key aim for current and
future CD1-related investigations. In terms of microbial surveillance, expanding on current
studies that have clearly demonstrated the role of CD1b and CD1c molecules in presenting
microbial derived antigens to T cells will be of great importance. Do CD1 molecules present
other lipid antigens from Mtb or from other microbial species? What is the nature of the T
cells that respond to these signals; do T cells that respond to a particular CD1 isoform have
commonalities that we have yet to see in current studies? Finally, the engagement of CD1
molecules by human γδ T cells may represent a major breakthrough in understanding the
role of γδ T cells in the periphery and how their functions are regulated.
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Highlights

1. Human CD1 molecules present a diverse, overlapping repertoire of endogenous
lipids.

2. CD1 specific T cells comprise a significant percentage of blood αβ T cells.

3. Many CD1 specific T cells exhibit auto-reactivity to endogenous lipid antigens.
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Box 1

Human γδ T cell populations are distinguished by their Vδ chain usage and tissue
residence. Despite the similarity in γδ TCR expression, γδ T cells are quite different
between mouse and human in the ligands they recognize and the composition of their
TCRs. Indeed, there has yet to be a single conserved γδ T cell population identified in
both species, thus it is likely that these cells have evolved to recognize species-specific
ligands. In humans, most blood γδ T cells express a Vγ9Vδ2 TCR and respond to small
molecular weight phosphoantigens. Vδ1 expressing γδ T cells are found at low frequency
in the blood, but predominate in the periphery, residing in barrier tissues such as the gut,
lung and reproductive tract. The identity of the specific antigens that directly engage
human γδ TCRs are mostly unknown or controversial, however the discovery that CD1
molecules engage Vδ1+ γδ T cells has opened up a new area of investigation into how
Vδ1+ γδ T cells are regulated in a CD1-specific manner and how CD1 presentation of
lipids to these cells may play a role in diseases of the tissue in which they reside.
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Figure 1.
The four human CD1 isoforms adopt unique three-dimensional structures that dictate the
repertoire of lipid ligands they present. Shown are cartoon representations of CD1a, CD1b,
CD1c and CD1d with approximated tunnel structures. As discussed in the text, each isoform
presents unique lipid types (small boxes colored as the CD1 molecule), however the overall
presented endogenous lipidome is highly overlapping (large box, colored yellow). CD1b, in
particular, is reliant upon highly hydrophobic scaffolding lipids such as diacylglycerols
(DAGs) and deoxyceramides (DOCs) in order to present much of its endogenous lipids,
these are shown at the interface between shared and unique CD1b lipid antigens.
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Figure 2.
The T cell populations that recognize human Group 1 and Group 2 CD1 molecules. Cartoon
representations of each of the CD1 isoforms are shown as in Figure 1. Above each isoform
are circles representing the known responding T cell groups or populations. Auto-reactive T
cell populations, or those responding to endogenously presented lipid antigens, are labeled
with “Endogenous” and are colored in light green. T cells responding to exogenous antigens,
such as those from mycobacteria, are colored pink and labeled with “Exogenous”. T cell
populations known to respond to both endogenous and exogenous lipid antigens are colored
yellow and labeled with both terms. V usage is indicated, where known and the TCR
diversity of the population is indicated in a white box. In many cases is unclear the degree of
overlap between endogenous and exogenous reactive populations, they are therefore
represented separately for lack of better information.
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